Micro Raman spectroscopy has been applied to study residual strains and crystallization behaviour of carbon/polypropylene microcomposites. The effect of two different cooling rates, 2.5°C/min and 25°C/min was investigated. Residual strains were found to be significantly higher at the lower cooling rate. This was explained by the cooling rate dependence of crystallization and stress relaxation. The lower cooling rate results in higher crystallization temperature and higher crystallization rate, whereas stress relaxation becomes more pronounced. Quantitative measures for characteristic temperatures and strain values of the strain-temperature relation were obtained for the two cooling rates. However, the results indicate that a relation between crystallization and viscoelasticity must be established in order to explain the residual strain evolution in semicrystalline matrix composites. Furthermore the effect of the transcrystalline morphology must be investigated as this was shown to develop around the fibres. /
For a semicrystalline matrix composite the relation between residual strains and cooling rate is complex due to the crystallization of the matrix. For semicrystalline polymers the crystallization behaviour is highly dependent on the path taken from an equilibrium melt state to solid state. The cooling rate affects the temperature for the onset of crystallization, the extend of the crystallization period and the crystalline morphology /9/. The mechanical properties of a semicrystalline polymer depend on the crystallinity and therefore are affected by the cooling rate. Crystallization is usually studied by differential scanning calorimetry (DSC) or optical microscopy. Using MRS it is possible to study crystallization with high spatial resolution /10,11 /. The advantage of using MRS to study crystallization is the possibility to monitor the spatial distribution of crystallinity and the crystal orientation. This feature is important since reinforcing fibres such as aramid, glass and carbon fibres are known to affect the local crystallization behaviour by initiating transcrystallization /12-14/.
Another aspect of importance when considering the effect of cooling rate on thermal residual strains is the viscoelasticity of the polymer matrix. Increasing temperature enhances stress relaxation for a viscoelastic matrix and affects the evolution of thermal residual strains in the fibre during cooling /8/. For a viscoelastic matrix increased cooling rate will result in less relaxation and thus higher residual strains in the fibres.
The present study is aimed to investigate the relation between cooling rate and residual strains in carbon/polypropylene microcomposites, by measuring residual fibre strains and crystallization of the matrix. The following section is devoted to an explanation of the Raman technique and the application to fibre strain measurements and crystallization study.
The Effect of Cooling Rate on Thermal Residual Strains in
Carbon/Polypropylene Microcomposites
MICRO RAMAN SPECTROSCOPY

General Raman spectroscopy
A monochromatic light source is focused on the sample through a standard microscope objective. The interaction between the incident electromagnetic field and the charge distribution of vibrating atoms gives rise to a scattering of the monochromatic light. Raman scattering is one form of inelastic scattering /15/. The Raman scattering depends on the vibrational states of the molecules of a matter.
A crystalline material has 3Ν -3 optical vibrational modes, where Ν is the number of atoms in the unit cell. The interaction between each of these vibrational modes and the incident light may cause Raman scattering. Raman scattering by a molecule is observed as multiple frequency shifts of the incident light where each shift can be assigned to a specific vibrational mode. The magnitude of the frequency shifts and the intensity depend on the vibrational mode and molecular parameters such as the force between atoms, the interatomic spacing and mass of constituent atoms. Thus, by analyzing the band shift between the incident light and the scattered light with respect to peak position and/or intensity, the material can be uniquely characterized. Two applications of the Raman technique have been of special interest in the present study i.e. measurements of strain in the fibre and analysis of morphological changes in the matrix.
Strain measurement
The strain dependence of Raman peak position was first discovered by Batchel- 0.5 fitting the raw spectral data to a Lorentzian function, and the compressive gauge factor equal to -19.98 cm -1 /% corresponds to the tangent of a straight line drawn through the points using least squares technique.
Crystallization study
As the polymer crystallizes the structure becomes ordered and the detection of vibrational activity of the polymer crystal forms the basis of a crystallization study The proportionality factor may be determined by another method e.g. DSC or X-ray. No method to determine quantitatively the crystallinity in PP using Raman spectroscopy is yet available. The advantage of using Raman spectroscopy to study crystallization is the possibility to monitor the spatial distribution of crystallinity and crystal orientation. This will enable an analysis of the local crystallization behaviour around reinforcing fibres.
The polymer used in the present work is a semicrystalline PP film. The PP film was analyzed using DSC to determine the crystallization behaviour. From the DSC scans crystallization and melt temperatures were determined. Figure 7 shows the DSC curve for PP cooled at 10°C/min. The DSC determined crystallization temperature will be compared to the Raman spectroscopy analysis in the next section. 
The Effect of Cooling Rate on Thermal Residual Strains in Carbon/Polypropylene Microcomposites
In Table 1 the most relevant mechanical and thermal properties for the Ρ Ρ film are presented. The fibres used were high modulus Tenax-J fibres from Toho Rayon, Table 2 . The fibres were thoroughly cleaned in dichlormethane to remove any sizing and dried at 200°C before preparing the specimens. 
Experimental procedure
Two sets of experiments were performed. In the first set of experiments specimens were prepared by placing fibres of 8-10 mm length between two Ρ Ρ films of 60μηι thickness. The specimens were heated in a THMS600 hot cell to melt for 10 minutes and erase all traces of crystallinity. The specimens were subsequently cooled at two different cooling rates, 2.5°C/min and 25°C/min. During cooling In the second set of experiments the crystallization process was studied using DSC, MRS and optical microscope with crossed polarizers in connection with a
Quantimet-570 image analysis system. The crystallization study with MRS was performed by recording spectra in the range 300-1300 cm -1 and calculating ratio I 80 7/l837 to obtain a relative measure of the crystallization, Eq.l. Using MRS the effect of cooling rate on the crystallization was then investigated.
Raman spectrum acquisition
Raman spectra were excited using a HeNe laser with a wavelength of 633 nm. The intensity was kept at relatively high level in order to obtain useful spectra within 
RESULTS
Thermal residual strains at different cooling rates
After cooling at 2.5°C/min and 25°C/min the residual strains were measured in the individual fibre fragments, Fig.8 . The average values of residual strains were determined to be -0.57% and -0.47% for 2.5°C/min and 25°C/min, respectively.
The average fragment lengths were 1225μπι and 1274μπι, respectively. The results for 25°C/min show larger scatter than the measurements performed with the lower cooling rate. From the experimental data the temperature T s , at which strain starts to develop, was deduced to be T S)2 .5 ~ 127°C and T Sj2 5 ~ 112°C.
Thus, the temperature interval at which strain can build up is 15°C larger for The initial strain gradient is higher when cooling with 2.5°C/min as compared to 25°C/min, Fig. 12 . However, the rate of strain decreases more rapidly above T t at the low cooling rate. The largest gradient difference occurs above 95°C which indicates that relaxation is mostly pronounced above this temperature, when cooling with 2.5°C/min. At temperatures below 95°C the difference is less pronounced indicating that the matrix gradually becomes more resistant to relaxation. For both cooling rates a small decrease of strain gradient is observed near the room temperature.
The Effect of Cooling Rate on Thermal Residual Strains in Carbon/Polypropylene Microcomposites
In order explain the effect of cooling rate on thermal residual strains the change in crystallization behaviour of the polymer matrix was investigated.
The effect of cooling rate on crystallization behaviour
The Raman technique can be used to crystallization study and we will focus on the dependence of cooling rate on the onset of crystallization, the relative change in crystallization and the relative crystallinity at different cooling rates, which are the important parameters in the present investigation. The purpose of using Raman spectroscopy instead of DSC is that the Raman method offers the possibility to investigate the crystallization behaviour locally and the influence of fibres on the crystallization can be investigated.
The Raman technique was compared to a DSC analysis of the polymer film and optical observations using crossed polarisers. In the Raman analysis and the optical observation a single fibre was embedded in polymer in order to see if heterogeneous nucleation occurred on the fibre surface. In a control experiment a thermocouple was placed in the plane of the fibres to correlate for the heat transfer. The specimens were cooled at 10°C/min. The optical micrographs are shown in Fig. 13 . From the optical observatiom the crystalline nucleation was found to start at T CSi i 0 ~ 121°C.
The early stages of crystallization was primarily heterogeneous nucleation on the fibre surface with a few nucleations in the bulk polymer, Fig. 13a . This caused pronounced growth of a transcrystalline region. At 114°C a more complete crystalline structure was formed with a transcrystalline region and a spherulitic structure in the bulk matrix, Fig. 13b . 
Figure 14
Intensity ratio hoi/h^ for a cooling rate of 10°C/min, compared to DSC determined crystallization temperature.
Figure 13
Crystallization during cooling at 10°C/min.
The intensity ratio Iso7/h37 was measured during cooling at 10°C/min, Fig.14 .
The experimental data corresponds well to the crystallization temperature determined with DSC. The value for the onset of crystallization, T cs , determined with Raman at 10°C/min was 119° C.
The Effect of Cooling Rate on Thermal Residual Strains in Carbon/Polypropylene Microcomposites
Using Raman spectroscopy the relative change in crystallization when cooling at 2.5 °C/min and 25°C/min is shown in Fig. 15 . at low cooling rate can also be explained by crystallization. The higher crystallization rate at the low cooling rate causes a larger volume contraction and increase of stiffness. However, as the temperature is higher and the cooling rate is lower the stress relaxation is more pronounced. However, much higher crystallization rate causes the inital strain gradient to be higher when cooling with 2.5°C/min. Under further cooling the strain gradient decreases until the transition temperature is reached. This can primarily be explained by a decrease in crystallization rate which causes the volume change to decrease. Furthermore, the relaxation behaviour is significant at these relative high temperatures /8/. The higher decrease of strain gradient for 2.5°C/min above T t can thus be explained by an earlier decrease of crystallization rate and larger stress relaxation due to the lower cooling rate.
The transition temperatures are affected by crystallization and transition seems to occur when the material has reached a certain stiffness level. This is supported by the fact that the transition occurred at approximately the same strain level in the fibres independently on the cooling rate. The level of stiffness of the matrix is dependent of crystallization, but also of temperature. The fact that the composite has a higher transition temperature when cooling at a lower cooling rate indicates that the level of crystallinity is higher as also observed in the crystallization study.
Thus, the cooling rate is expected to affect the stiffness-temperature behaviour.
The transition temperatures are approximately equal to the temperatures at the end of crystallization. This indicates that the transition does not occur due to structural changes but rather due to changes in the mechanical response as a results of the developed crystalline morphology. It should be noted that the morphology i.e.
spherulite size and transcrystallinity also are affected by cooling rate.
The MRS technique has proved very useful to determine the residual strains in the fibre and the crystallization behaviour of the matrix. Based on the present work it can be concluded that the effect of cooling rate on residual strains in a semicrystalline matrix composite can be explained by the crystallization and viscoelastic behaviour of the matrix. However, a quantitative relation between crystallization and viscoelasticity is necessary in order to obtain a thorough understanding of the residual strain phenomena. Furthermore, it seems necessary to investigate the crystalline structure as e.g. transcrystallinity. The transcrystalline phase is known to have different properties than the spherulitic phase and this probably affects residual strains in the fibres.
An optimized cooling procedure with respect to minimization of residual strains can be obtained by cooling fast to crystallization temperature and then cooling slowly towards room temperature. It is important to notice that cooling rate affects matrix morphology and the proposed optimal cooling procedure may result in a matrix with less advantageous mechanical properties. Thus, defining an opti-mal cooling procedure for a semicrystalline matrix composite is a complex problem which must address simultaneously evolution of matrix morphology, viscoleasticity and residual strains.
